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Abstract The energy resolution is crucial for the reactor neutrino experi-
ments which aims to determine neutrino mass ordering by precise measure-
ment of the reactor antineutrino energy spectrum. A non-negligible effect in
the antineutrino energy resolution is the spread of the kinetic energy of the
recoiled neutron and the corresponding positron when detecting the antineu-
trinos via Inverse Beta-Decay (IBD) reaction. The emission direction of the
produced positron in IBD reaction can be used to estimate the kinetic energy
of neutron and thus the reconstructed antineutrino energy resolution can be
improved. To demonstrate the feasibility, a simple positron direction recon-
struction method is implemented in a toy liquid scintillator detector like the
Taishan Antineutrino Observatory (TAO) with 4500 photoelectron yield per
MeV. A 4% to 26% improvement of energy resolution can be achieved for 5
MeV reactor antineutrinos at TAO.
Keywords energy resolution · neutron recoiling · positron direction
reconstruction · Cerenkov
1 Introduction
The Neutrino oscillation phenomena opens a door to new physics beyond the
Standard Model of particle physics. Since 1998, a number of atmospheric, so-
lar, accelerator and reactor experiments have provided us with very compelling
evidences for neutrino oscillations. The ongoing and future neutrino oscillation
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experiments are expected to probe the neutrino mass ordering and the value of
CP violating phase. Jiangmen Underground Neutrino Observatory (JUNO) [1,
2] is proposed to determine the neutrino mass ordering with precise measure-
ment of the reactor antineutrino energy spectrum. The energy resolution is
crucial in order to determine neutrino mass ordering. The JUNO detector has
20-kton liquid scintillator as detection target with a designed energy resolu-
tion of 3%/
√
E(MeV ). Recent reactor neutrino experiments, Daya Bay [3,4,
5], Double Chooz [6], RENO [7], and NEOS [8] have shown that the theoretical
reactor antineutrino energy spectrum disagree with the observed energy spec-
trum. Furthermore, the antineutrino energy spectrum shows fine structures in
the summation of the spectra of thousands of beta-decay branches of fission
products [9]. To provide a high precision reference spectrum for JUNO, Tais-
han Antineutrino Observatory (TAO) [10] is proposed as a satellite experiment
of JUNO with an energy resolution better than 2%/
√
E(MeV ). TAO will also
provide a high precision and high energy resolution measurement of the reactor
antineutrino spectrum as a benchmark to test nuclear databases [11].
The reactor antineutrinos are usually detected by IBD reaction, ν¯e + p→
e+ + n, in liquid scintillator detectors. The positron kinetic energy is a good
approximation of the incident antineutrino energy with an approximate shift
of 1.8 MeV. The kinetic energy of the neutron spreads in a range of zero
to tens of keV, and has an impact on the energy resolution at sub-percent
level in the determination of the antineutrino energy. This effect is negligible
at experiments with large energy resolution, such as 8%/
√
E(MeV ) at Daya
Bay experiment. However it becomes non-trivial when improving the energy
resolution to the level of 2%/
√
E(MeV ), as the design goal of the TAO exper-
iment. In this paper, we propose a method to improve the energy resolution
by reducing the impact from the spread of the neutron kinetic energy. The
neutron kinetic energy can be determined to correct the antineutrino energy
with the information of the positron scattering direction. In a real detector,
the reconstruction of the positron scattering direction provides information of
the neutron kinetic energy with a certain resolution and improves the energy
resolution.
2 Energy resolution due to neutron recoiling
The energy resolution of a reactor antineutrino detector using liquid scintilla-
tor is dominated by the statistical fluctuation of the number of the collected
photoelectrons on photosensors. In JUNO and TAO experiments, the photo-
electron yield per MeV energy is about 1200 and 4500 [10], respectively. The
corresponding energy resolution is about 3% and 1.5% at 1 MeV by photo-
electron statistics. As a secondary effect, the neutron recoiling can affect the
energy resolution at sub-percent level.
In IBD reaction, the reactor antineutrino (ν¯e) interacts with a proton,
creating a positron (e+) and a neutron. The energy relation is
Eν¯e = Te+ + Tn +∆np +me+ , (1)
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where Eν¯e is the incident antineutrino energy, Te+ is the positron kinetic en-
ergy, Tn is the neutron kinetic energy, ∆np is the mass difference of neutron
and proton, and me+ is the positron mass. Tn spreads from 0 to a few tens of
keV. When neglecting Tn, the positron kinetic energy is a approximation of
antineutrino energy by a shift of 1.8 MeV, Eν¯e ≈ Te+ + 1.8 MeV.
For IBD reaction, the positron angular distribution was calculated by Petr
Vogel [12]. Based on the distribution, the energy spread of the positron and
neutron is ∆E = 2(Eν¯e − ∆np)Eν¯e/Mp, with Mp the proton mass. The cal-
culated neutron kinetic energy with a given antineutrino energy follows ap-
proximately uniform distribution with a spread of ∆E. The induced energy
smearing for recoiled neutron is approximately ∆E/
√
12, as the standard de-
viation of the uniform distribution. As shown in Fig. 1, the energy resolution
for the equivalent visible energy is calculated. The equivalent visible energy is
defined as the antineutrino energy minus a constant energy shift of 0.78 MeV
due to the IBD reaction kinetics. The energy resolution from neutron recoiling
is much smaller than the photoelectron statistics for JUNO as the total energy
resolution is the square root of the quadratic sum of the two effects. However,
the energy resolution from neutron recoiling can even be larger than that from
the photoelectron statistics around 10 MeV for TAO.
Equivalent Visible Energy (MeV)
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Fig. 1: Energy resolution for the equivalent visible energy defined as the an-
tineutrino energy minus a constant energy shift of 0.78 MeV due to the IBD
reaction kinetics. Red (green) line is the energy resolution from photoelectron
statistics for the JUNO (TAO) experiment. Blue line is the energy resolution
from neutron recoiling with liquid scintillator quenching taken into account.
The reactor antineutrino detector detects the positron energy to obtain the
information of the antineutrino energy. The positron predominantly deposits
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its kinetic energy and annihilates into two 0.511 MeV gammas, which gives a
prompt signal. The neutron scatters in the detector until being thermalized
and then it is captured to produce a delayed signal. The visible energy (Evis)
of prompt signal of IBD in liquid scintillator can be calculated via
Evis = Te+ + 2× 0.511 +QF × Tn , (2)
where QF is the neutron quenching factor defined as the light yield ratio of
neutron to electron in liquid scintillator. When neutron recoils on the protons,
the energetic protons can generate a small amount of light which could be
mixed with the light generated by the positron. The few-keV neutron kinetic
energy could contribute a small correction, QF × Tn, to the prompt energy.
One has to take into account that the light output from the recoil proton
is quenched. The quenching mechanism was first discussed by Birks [13]. The
light output of the liquid scintillator is related to the energy deposition density
dE/dr. An empirical model is commonly used to describe the process,
dL
dr
= S
dE
dr
1 + kB
dE
dr + kC(
dE
dr )
2
, (3)
where dL/dr is the scintillation light yield per unit path length r, S is the the
scintillation light yield per MeV, dE/dr is the energy deposition density, kB is
the Birks constant, and kC is the second order parameter. The Birks constants,
kB = 6.5× 10−3 g/cm2/MeV and kC = 1.5× 10−6 g2/cm4/MeV2, for Linear
Alkylbenzen (LAB) based liquid scintillator are taken from Ref. [2], and will be
used for JUNO and TAO. It should be noted that the Birks constants rely on
the different types of liquid scintillator, and also rely on the modelling in Monte
Carlo because dE/dr is not directly visible. For the same quenching effect,
different modelling in Monte Carlo may result in different Birks’ constants.
The values of the quenching factors of the gamma and positron have negligible
impact on the energy resolution due to neutron recoiling and is approximately
set to be 1.0 in the calculation. We simulate neutrons with different energies
and obtain a curve of QF as shown in Fig. 2.
Given the positron energy and the positron scattering angle, based on
conservation of energy and momentum in IBD reaction, the kinetic energy of
the neutron can be calculated as
En =
Ee+ ×Mp + (Ee+ −Mp)× Pe+ × cos θ − Ee+2 − C
Ee+ −Mp − Pe+ × cos θ
, (4)
where C = 0.5×(Mp2 +Mn2−me+2), Ee+ is the energy of positron which can
be gotten by measuring Evis using relation in Eq. 2, and Pe+ is the momen-
tum of the positron. If the positron scattering angle (θ or cos θ) is obtained
precisely, the kinetic energy of neutron can be determined by Eq. 4 and en-
ergy smearing due to neutron recoiling will be removed. For reactor neutrino
experiments, when both the detector size and the reactor core size can be ig-
nored in comparison to the distance between them, the antineutrino direction
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Fig. 2: The neutron quenching factor at different energies is obtained by Geant4
simulation.
is assumed to be known. Positron direction reconstruction is the key to obtain
the scattering angle to improve the energy resolution by reducing the neutron
recoiling smearing.
3 Positron direction reconstruction
The basic idea of the positron direction reconstruction is to utilize the direc-
tion of Cerenkov light in liquid scintillator. The axis of Cerenkov cone can
be used to present the positron direction. The refractive index of liquid scin-
tillator of JUNO and TAO is 1.5 at 430 nm. Thus the Cerenkov radiation
threshold for positron is 0.174 MeV. The scintillation light is isotropic, and
no direction information can be derived. Therefore, the scintillation light is a
type of background when using the Cerenkov light to reconstruct the positron
direction. The key point for the direction reconstruction is to select as more
as possible Cerenkov photons in the sea of scintillation photons. One possible
way to distinguish the Cerenkov light and the scintillation light is to use their
hit time difference [14] on photosensors. Scintillator light usually has fast and
slow components, while the Cerenkov light is emitted immediately because
of its luminescence mechanism. Cerenkov light with short wavelength will be
absorbed by the liquid scintillator and remitted as scintillation light. A frac-
tion of long wavelength Cerenkov light will survive and could dominate in the
earliest hits on photosensors.
Borrowing the experience of JUNO simulation software [1], a standalone
Geant4 simulation package is developed for the TAO simulation [10]. A brief
description of the parameters in simulation is described as follows. The liquid
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scintillator is contained in an acrylic vessel of a diameter of 1.8 m. About
4100 Silicon Photomultiplier (SiPM) tiles, with a dimension of 50 × 50 mm2
and a photon detection efficiency (PDE) of 50%, are placed just 2-cm away
from the acrylic vessel as photosensors. The liquid scintillator properties in the
simulation are taken from Ref. [2]. The time constants of the liquid scintillator
are essential for the hit time distribution and are listed in Table 1.
Table 1: The time constants and the corresponding fractions of the three com-
ponents of the liquid scintillator for three species of particles.
Particles Fast (ns)/ratio Slow (ns)/ratio Slower (ns)/ratio
γ,e−,e+ 4.93/79.9% 20.6/17.1% 190/3.0%
n,p 4.93/65% 34.0/23.1% 220/11.9%
α 4.93/65% 35.0/22.8% 220/12.2%
The positron direction reconstruction are performed including two steps.
The first step is to obtain the hit time distribution after correcting the time
of flight with the position of the reconstructed event vertex and the location
of photosensors. Accurate vertex reconstruction and a good timing resolution
of electronics are crucial for selecting the Cerenkov photons. A 2-cm vertex
resolution for reactor antineutrinos can be obtained for TAO based on a sim-
ple vertex algorithm. This algorithm uses the gravity center of charges of all
SiPMs and a simulated correction map of the gravity center to the true vertex.
For the time resolution of each readout channel, the time resolution of 0 ns,
0.5 ns, and 1 ns are assumed respectively and used to smear the hit time. The
typical hit time distribution is shown in Fig. 3 for both the scintillation and
the Cerenkov photons. The direction reconstruction performance depends on
the total number of photons and the purity of the Cerenkov photons in the
selection window. After optimization, we use a time cut of ”< 0 ns” in the
time distribution to select a sample with high purity of Cerenkov photons.
The second step is the direction reconstruction using the selected photons.
Since the Cerenkov radiation forms a cone centered on the particle moving
direction, the direction can be determined by taking the centroid of all vectors
pointing from the reconstructed event vertex to the position of the hit photo-
sensors [15]. In Eq. 5, D is the reconstructed direction of positron, Xpositron
is the positron reconstructed vertex, j is the identifier (ID) of the hit photo-
sensors, and qj and Xi
j are the charge and position of the hit photosensor,
respectively.
D =
N∑
j
qj(Xj −Xpositron) (5)
Because of the multi-scattering, the Cerenkov ring is fuzzy since positron
changes its direction during the ionization process. The Cerenkov photon emis-
sion angle distribution is displayed in Fig. 4. The isotropic scintillation light
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Fig. 3: The hit time distribution of the Cerenkov and scintillation photons
with 0.5 ns time resolution after correction of the time of flight. The time zero
is defined as the generation time of the IBD event.
is a severe background to the Cerenkov light. To study the effects of the scin-
tillation light pollution and the impact of the time resolution, we define an
intrinsic angular resolution with the angle between the true and the recon-
structed direction of positron without the pollution of the scintillation light
and the impact of the hit time resolution. That is, only the statistics and the
spread of Cerenkov light due to multi-scattering and the vertex smearing are
considered. In Monte Carlo, only the Cerenkov hits are selected to reconstruct
the direction.
To characterize the performance of the positron direction reconstruction,
the resolution of the reconstruction is defined as 68.3% of the reconstructed
directions contained in a cone centered by the true direction within this angle.
The resolution relies on the timing resolution of electronics as shown in Fig. 5a.
The intrinsic resolution has been defined above. Adding back the scintillation
light pollution, the resolution worsen as shown by the green curve, labelled as
”Time resolution 0 ns”. Considering the time resolution of the hit time of 0.5
and 1 ns, the angular resolution further degrade as shown by the blue and red
curve, respectively.
4 Improved energy resolution from neutron recoiling
To determine the neutron kinetic energy using Eq. 4, we calculate the positron
scattering angle (θ) based on the reconstructed positron direction. The scat-
tering angle resolution is evaluated as the standard deviation of the difference
of the reconstructed θ and true θ. Fig. 5b shows the scattering angle resolution
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Fig. 5: The resolution of positron direction reconstruction is defined as 68.3% of
the reconstructed directions contained in a cone centered by the true direction
within this angle. (a) shows the positron direction resolution with different
time resolution and black line is the intrinsic angular resolution of positron; (b)
shows positron scattering angular (θ) reconstruction resolution with different
equivalent visible energy.
as a function of equivalent visible energy. The scattering angle resolution is
propagated to the neutron kinetic energy spread.
Based on Eq. 1 and Eq. 2, the neutrino reconstruction energy (Erec) can be
calculated with the detected visible energy Evis and correction from neutron
kinetic energy.
Erec = Evis − 0.511 +∆np + (1−QF )× Tn (6)
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The resolution of Erec due to neutron recoiling can be calculated with the
resolution of Tn and a factor of (1−QF ). With positron direction reconstruc-
tion, the resolution of Tn relies on θ reconstruction resolution and is better
than that of the original spread without information of positron direction. For
examples, for 5 MeV reactor antineutrinos, without positron direction recon-
struction, the spread of neutron kinetic energy is (1−QF )×∆E/
√
12 and its
contribution to the energy resolution of IBD positron signal is 0.23%. Consid-
ering positron direction reconstruction, the resolution becomes 0.17% (0.22%)
with 0 ns (1 ns) time resolution, so the energy resolution of IBD positron
signal can be improved by 4% to 26% which depends on the time resolution.
Fig. 6 updates the energy resolution of antineutrino compared with Fig. 1.
With 0.5 ns time resolution, the energy resolution from neutron recoiling is
obviously improved. For TAO, it is smaller than the resolution caused by the
statistical fluctuation of collected photoelectrons. For the worst case to vary
the QF value within 30%, the energy resolution is still obviously improved
with the help from positron direction reconstruction at a level of 0% - 22%
depending on various time resolutions from 1 ns to 0 ns.
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Fig. 6: Energy resolution for equivalent visible energy. Green line is the energy
resolution from photoelectron statistics for the TAO experiment. Blue line
is the energy resolution from neutron recoiling with a factor (1-QF ). The
others are the energy resolution from neutron recoiling after positron direction
reconstruction with different time resolution.
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5 Conclusion
For reactor neutrino experiments detecting the antineutrinos via IBD reaction,
the energy resolution is crucial in order to determine neutrino mass ordering
with precise measurement of the reactor antineutrino energy spectrum. The
spread of the kinetic energy of the recoiled neutron is a non-negligible effect
in the energy resolution of antineutrino and can be significantly improved
by the direction reconstruction of the produced positron in IBD reaction. A
simple positron direction reconstruction method is implemented in a toy liquid
scintillator detector with 4500 photoelectron yield per MeV like TAO. A 4%
to 26% improvement of energy resolution could be achieved for 5 MeV reactor
antineutrinos.
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